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I The possibility to measure an electric dipole moment (EDM) of nuclei in the range 

e • cm in experiments for search of time-reversal violating generation 

^ ■ of magnetic and electric fields is discussed. 

o : 

O ' PACS numbers: 32.80.Ys, ll.30.Er, 33.55.Ad 

^ . Violation of the time reversal invariance of nature laws provides for elementary particles 

^ I (nuclei, atoms) the possibility to possess an additional quantum characteristic - the elec- 
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trie dipole moment (EDM) which could exist along with other characteristics such as 
electric charge, magnetic dipole moment, electric and magnetic polarisabilities. Plenty of 
experiments set the limits for EDM of different particles, atoms and nuclei 
The attained experimental level gives, for example, for an electron EDM de < 1.6 ■ 10"^^ 
e ■ cm Q]. The similar evaluations are provided for nuclei. Meanwhile, combine with calcu- 
lations the experimental limits for d can be interpreted in terms of fundamental parity and 
time-invariance- violating (P-,T-odd) parameters. These limits tightly constrain competing 
theories of CP-violation. 

So, it is very important to consider new possibilities for measuring constants describing 
T and CP-odd interactions 7, 0, 0]. Very sensitive solid state based electron EDM 
experiments are preparing now V\. They will provide for electron EDM measurement the 
sesitivity of about 10"^^ e ■ cm or even better (lO"'^^ e ■ cm) Q|. 

The idea of the experiment is based on the measurement of a magnetic field, which 
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appears since the electron spin (and, therefore, the magnetic moment) is oriented along an 
external electric field E due to interaction of electron EDM with the field E l5, 



According to |1| measurement of electron EDM at the sensitivity rate of about 10 
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e ■ cm requires substance cooling up to T ~ 10^^ K, while for 10"'^^ e ■ cm the temperature 
T ~ 10 fiK is necessary. 

But it was shown in that for temperature values T ^ 10~^ ^ 10^^ the magnetic 
susceptibility of matter x becomes compartible with 1 and higher. The energy of interaction 
of two electron magnetic dipoles for neighbour atoms occurs of order of fc^T and greater 
{kB is Boltzmann's constant). Thus, in this case, the collective effects, well-known in the 
theory of phase transitions in magnetism, should be taken into account while considering 
magnetization by an electric field. Particularly, spontaneous magnetization of a system can 
appear. Emergent great magnetic field is caused by fiuctuations of a magnetic field and weak 
residual magnetic fields rather than external electric fields. In such conditions an electric 
field would not affect distinctly on the value of the measured magnetic field. Therefore, 
measurement of electron EDM in such conditions becomes difficult. 

In the present paper it is shown that the above described problems make considerably 
attractive carrying out the experiment to search the EDM of nuclei by measurement of the 
magnetic (electric) field that appears at polarization of nuclear spins due to interaction of 
nuclear EDM with an external electric (magnetic) field. The magnetic moment of a nucleus 
is small. Therefore, considering the degree of polarization to be the same for electrons and 
nuclei we obtain the value of this magnetic field for nuclei of two or three orders lower 
then for electrons. But the phase transition of nuclear spins in an ordered state appears at 



temperatures 10 -i- 10 times lower comparing with electrons. According to the nuclear 
dipole ordering appears at T^r ~ 10~^ K. Let us consider the parameter x = which 
describes the degree of nuclei spin polarization due to interaction of the nuclear EDM 
with an electric field E in the temperature range above the temperature of phase transition. 
The temperature is 10^ -r- 10^ times lower than the similar temperature for electrons Tg 
(Te ~ 10^^ ^ 10^^ K). Hence, for nuclei x is 10^ -v- 10^ times greater than for electrons. 

As a result, the magnetic field produced by nuclei cooled to the temperature is even 
stronger than that produced by electrons cooled to the temperature T^. As a consequence, 
the nuclear EDM can be measured with sensitivity about 10~^^ e ■ cm. 
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I. NUCLEI IN AN ELECTRIC FIELD AT LOW TEMPERATURES 

Thus, let us consider a substance, placed into an electric field. 

Interaction We of an EDM at of a nucleus with an electric field ^ is similar to inter- 
action of magnetic moment of a nucleus with a magnetic field and can be expressed as: 



We = -~^N^ (1) 



rZ. y is 



where d n = djy-^, is the nucleus spin. 

If the nucleus environment in the substance does not possess cubic symmetry, then the 
energy of interaction of nuclear quadrupole moment with a nonuniform electric field field 
produced nucleus environment should be added to (jT}. If an external magnetic field also 
presents, then the energy of interaction of nuclear magnetic moment with this field should 
be added to (H)), too. 

But here we will omit these contributions, assuming that there is no an external magnetic 
field and an elementary cell of the substance is cubic. 

The interaction of nucleus with the field ^ makes spins of nuclei at low temperature 
polarized similar to the polarization (magnetization) of nuclei by a magnetic field due to the 
interaction Wb of a nucleus magnetic moment with a magnetic field 

Wb = -Jt^^ (2) 

Spins of nuclei polarized by an electic field induce the magnetic field e and change in 
the magnetic flux $ at the surface of a fiat sheet of material (Fig.l): 

A^N = AttxnA—E* (3) 

Be = —r- = 47rx7v — E , (4) 

A //TV 

where A is the sample area, xn is the magnetic susceptibility of nuclei subsystem. For the 
temperature range above the temperature of nuclear magnetic ordering the susceptibility 
Xn is described by Langevin's formula as follows: 

p is the number of nuclear spins in cm^, A;^ is Boltzmann's constant, fj,N = Qn^/ J{J + ^)^J^nb-i 
Pnb '^^ the nucleus Bohr magneton, (^at is the gyromagnetic ratio, E* is the effective electric 
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FIG. 1: 



field at the location of the nuclear spin. Reasons providing interaction of an electric dipole 
moment with an electric field in spite of electrostatic shielding are specified in \l, 11 1. 

Let us compare (j3)) for A$7v with the similar expression in |l| for the magnetic flux A<I>e 
produced by electrons of atoms: 



(6) 



where Xe is the magnetic susceptibility of a material caused by paramagnetic atoms, is 
the magnetic moment of the electron shell of the atom. 

As it has been already mentioned, the magnitude of the susceptibility x grows with 
temperature T tending to the temperature of magnetic ordering and appears equal to 1 at 
some temperature value Ti. At this temperature (note that for nuclei Tin ~ 10~^ K, while 
for atom spins Ti ~ 10^^ ^ 10^^ K) the magnetic flux produced by nuclei is 

dNE*N 



A^n{Tin) = AnA- 



(7) 



Tin ~ 10 

the magnetic flux produced by atoms 
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10^2 K. 



(8) 



Let us consider temperature range close to the temperature of nuclear magnetic ordering. 
Suppose nuclear EDM is of the same order as EDM of an electron (atom) d^E* n ~ deE*a- 
Then, from (|8ll2p we obtain the magnetic flux A$Ar(Ti7v) = ^A<I)e(Tie) i.e. the mag- 



netic flux produced by nuclei is ^ times greater than the magnetic flux produced by atom 
spins! 
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According to estimations jlj the sensitivity for atom EDM measurement ~ 10~^° e ■ cm 
in 10 days of averaging (and even 10~^^ e-cm) can be obtained for the material temperature 

Ta = 10-2 K. 

Coohng of nuclear system to the temperature Tn ~ 10^^ K provides the magnetic flux 
A$Ar = — ^A$„. Due to ^ 1 the sensitivity for measurement of nuclear EDM 

appears the same as for electron (atom) EDM i.e. dN ~ 10"^° -r- 10"^^ e ■ cm. 

Thus, the method for measurement of nuclear EDM by means of measurement of the 
induced magnetic field gives hope to obtain considerably substantial limit for the nuclear 
EDM. Let us note that in ferroelectric materials there are very intense internal electric fields 
E* that are considerably more intense than external fields. This provides to advance to cijv 
values less than 10"^^ e ■ cm. 



II. NUCLEI IN A MAGNETIC FIELD AT LOW TEMPERATURES 



If an external magnetic field acts on a material, the nuclei spins become polarized due to 
nucleus magnetization. Therefore, the nucleus electric dipole moments appears polarized, 
too. This results in the induction of an electric field (Fig.2) (similar the electron case 

EB = AnpdNPiB), (9) 

where P represents the degree that the spins of nuclei are polarized in the sample. 
There are methods providing P{B) ~ 1 for nuclei at low temperatures. 



d„=0 



d„^0 
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FIG. 2: 

According to the analysis ^ the technique for electric fields measurement provides a 
sensitivity ~ 10^^° e ■ cm in 10 days of operation. The same sensitivity can be obtained for 
nuclear EDM due to high polarization degree available for nuclear spins at low temperatures. 
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An electric field induced by a magnetic field in vacuum can be increased by the use of 
electrostatic shielding or by selection of target shape (for example, a target having an edge). 
This gives hope for further improvement of the possibile limits for the EDM measurement 
{d < 10'^^ e ■ cm) in such experiments. 

III. TIME-REVERSAL VIOLATING GENERATION OF STATIC MAGNETIC 

AND ELECTRIC FIELDS 

It is important to pay attention that carrying out the proposed experiment to measure 
nuclear EDM one should consider additional effect of time-reversal violating generation of 
static magnetic and electric fields caused by the T-odd polarizability of atoms, molecules and 
other particles [3, SOl- According to the idea of an induced magnetic field appears on 
the particle due to the action of a field E under conditions of violation of P- and T-invariance 
(and similar, an induced electric field appears on the particle due to the action of a field 
B). This new effect does not depend on temperature. An effect magnitude is determined 
by a P-odd T-odd tensor polarisability /^^^ of a particle (atom, molecule, nucleus, neutron, 
electron and so on). For an atom (molecule), Pf/^ arises due to P- and T-odd interaction of 



electrons with a nucleus 

Let us place an atom (molecule 
moment fi{E) appears in this case 



into an electric field E. The induced magnetic dipole 
fi,iE) = PlE,, (10) 



The tensor jSf^. (like any tensor of rank two) can be expanded into scalar, simmetric and 
antisimmetric parts. 



The antisymmetric part of the tensor is proportional to CikiJi, where eiki is the totally 



antisymmetric tensor of rank three. The symmetric part of the tensor is proportional to 
the tensor of quadrupolarization Qik = 2j(2j-i) [•^i'^i + "^^Ji — \ J{.J + l)<^ifc]- As a result 

^1 = PIS^k + Ple^kiJi + (3jQ,k, (11) 

where 0^ ,0^ ,[3j are the scalar, vector and tensor P-, T-odd polarizabilities of the particle, 
respectively. For a substance with the nonpolarized spins Sp p{J)J = and Sp p{J)Qik = 
(here p(J) is the atom (molecule) spin density matrix). As a result for such a substance, 
appears to be a scalar /^^^ = 6ikPj- 
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It follows from (jHJ that in a substance placed into electric field the magnetic field is 
induced jlf: 

&-\E)=A'Kp0^,El (12) 

where is the local electric field acting on an atom in the substance. 

Vice versa, if an atom (molecule, nucleus) is placed into a magnetic field, the induced 
electric dipole moment d{B) appears [3], 

d,{B) = xlBu. (13) 

where the tensor polarizability xS: is Xifc = 0ki- The above dipole moment d{B) leads to the 
induction of an electric field in the substance: 

Er\B)=AT:pf,,Bl (14) 

where B* is the local magnetic field, acting on the considered particle in the substance. 
Polarized electron spins give one more contribution to the magnetic field 
Therefore, the magnetic field B* , which is going to be measured in the proposed experi- 
ment, should be written as: 

B* = B^ + B'^'^E) + B^, (15) 

where B^ is the magnetic field produced by atom spins. 

Let us consider now the experiment to detect the electric dipole moment of the nucleus 
by means of measurement of the electric field (see ©)• In this case we also should take into 
consideration the effect of electric field induction by the magnetic field (jlHj) and the electric 
field E^ produced by polarized EDM of atoms. 

Thus, the electric field measured in the proposed experiment is as follows (see (9), (10)): 

Eb = E^ + E'^'^B) + E^. (16) 

So, measurement of Be and Eb provides knowledge about nuclear EDM, electron EDM 
and To distinguish these contributions one should consider the fact that studying 5 
and Eb dependence on temperature allows one to evaluate different contributions from 

It should be emphasized that atom EDM does not contribute to the discussed phenomena 
if the substance is diamagnetic (atom spin is equal to zero or spin atoms are nonpolarized) 
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If tlie substance consists of several types of atoms (nuclei), then their contribution to the 
induced field is expressed as a sum of contributions from different atoms: 

be = J2e:,eb = y.b:, (17) 

n n 

IV. ABOUT CONTRIBUTION OF ELECTROMAGNETIC INTERACTION TO 
THE ELECTRIC DIPOLE MOMENT OF NUCLEI 

Analysis of experimental limits obtained for EDM of atoms and nuclei was done in 
12, Q|. The possible values for constants describing T-odd, P-odd interaction were found 
there on the basis of calculation Shiff EDM of nuclei 1^, |l3| . The structure of an electric 
field inside a nucleus was also analysed and it was shown that it leads to an additional 
contribution to nuclear EDM, which was called LDM 12] . The mentioned contributions to 
EDM are finally caused by interference of strong, T-, P-odd and electrostatic interactions. 
Attention should drawn to the fact that there is one more contribution to nuclear EDM 
different from those, considered in [3, ll^- This addition is caused by electromagnetic 
currents jsl- 

According to the above the induced magnetic moment Jt^ of a particle appears due to 
action of a field ^ under conditions of violation of P- and T-invarince (and similar, induced 
electric dipole moment "(fs of a particle appears due to the action of a magnetic field ^): 

/^f = PikE,, (18) 

df = PlB,, (19) 

where Pf/^ is the T-odd polarizability tensor of the particle (atom, nucleus, neutron, electron 
and so on). 

As a result, the induced electric ^j„rf(y^) and magnetic Bindi'r') fields appear in space. 
The magnetic moment of a nucleus (multipoles of high orders) interacts with the field 
'^indi'^)- Particularly, interaction of the magnetic moment density 'Jt{'l^) of a particle 
with the field !^j„rf(T') can be expressed as: 

w.„.^-jTtir)%,jY)^ (20) 

As the field '^ind{'^) is proportional to the electric field then can be rewritten 

Wind = XtnI^N^'^, (21) 
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where constant Xtn T-odd susceptibility of a nucleus, /iat is the magnetic moment of 

the nucleus. 

The susceptibility Xtn ^e evaluated as 0, : 

^TN-—r^ (22) 

where a is the typical radius of a nucleus. 

As one can see (j?T|l is similar to the interaction of an electric dipole moment = (j^nXtn 
with an electric field. 

One more contribution to the nuclear EDM appears by the following way. The magnetic 
moment of a nucleus /xat creates the magnetic field Bjy ~ ^-jfi^ inside the nucleus, here 
■| is the nucleus density per one nucleon. According to fT^ this field induces an additional 
contribution to the EDM d ~ PtBn- 

More rigorously the mentioned contributions to the EDM can be calculated by including 
electromagnetic interactions between nucleons in Hamiltonian along with strong and weak 
interactions and by considering of radiation corrections to the energy of interaction of a 
nucleus with an external field [8|. 

As a result the total energy of nucleus interaction with an external electric field can be 
written as follows: 

W = -d^^ - XT/iy ^ = "J^"^ + XTlip^ " "J^"^ + d^)'^t = -Dn^^, (23) 

where d is the contribution to EDM considered in 2, Q| , dfj^ is the contribution to EDM 
due to magnetic field induced inside the nucleus (let us call it pseudo-dipole moment d^), 
D]\r = d + dfj_ is nucleus EDM. 

Now, let us estimate possible values of the susceptibility Xtn pseudo-dipole moment 
d^ (PDM). 

An induced magnetic field Bind ~ (o is some typical radius of the density distribution, 
for a nucleus it could be the radius of the nucleus). 

Interaction of the magnetic moment /i of a particle with the field Bind can be estimated 
as Wind ~ ^^3"'' . The induced magnetic moment 

^i,nd ~ PtE ~ ^^^r^T^, (24) 

where (d) is the transition matrix element of the operator of electric dipole moment, (/i) is 
the transition matrix element of the operator of magnetic dipole moment, A is the typical 
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distance between levels of opposite parity (for neutron it is about 1 GeV, for nuclei it is 
about hundreds keV -r- MeV), t^t is the coefficient of mixing of the opposite parity states by 
T-,P-odd interaction, rjT ~ Vtp is the matrix element of T-,P-odd interaction between 
states of opposite parity. 
Therefore, 

Wir^d Va ^tE = ^XtE, 25) 

1 -1 •!• (d) (u) ,_,„s 

the susceptibility Xt ~ ^ ~ — — Vt, (26) 

di, = iJ^XT ~ XrAc(cm ■ e). (27) 

From ()27|) the following estimation for an electromagnetic contribution d^N to nucleus 
EDM can be odtained. 

Considering a "free" nucleus (without electron shell) we can obtain from ()27|) the following 
estimation for the addition d^]si induced by magnetic interactions 

d^,N = fJ-NXNT ~ ^/TVT Ac cm ■ e, (28) 

A a 

a = aQA^ (ao = 1.2 ■ 10^^'^ cm) is the nucleus radius, A is the number of nucleons in the 
nucleus, for this estimation it is suposed that d ~ ea, ~ — = eAc, Ac = — is the Compton 

2 

wavelength of the nucleon, Vcoui = ^• 

Suppose that typical difference between levels is about several MeV we obtain for heavy 
nuclei 

d^N ~ 10-^^T]NT e ■ cm, (29) 

This estimation is done in assumption that nucleons are unstructured. Considering also 
a T-odd polarizability (3n- of nucleons we can see that an external electric field induces a 
nucleon magnetic moment ind = 0nE and this magnetic moment creates a magnetic field 
inside the nucleus 

Stt Stt 

Bn ind ~ -^PfJ-N ind = —PPnE, (30) 

The interaction of the magnetic moment of the nucleus with this field contributes to nucleus 
EDM as follows: 

Stt Stt j, , . 

«Af M ~ -^P/"Af ind = -^PPnE, (31) 

where p is the density of nucleons in the nucleus, for a nucleon ~ -^^^^/t Ac^- Suppose 



that for a nucleon a ~ Ac, A ~ IGev, V^^i ~ ^ 
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Therefore, the additional contribution to the dipole moment of a nucleus aroused from 
the T-odd polarizability of nucleons is: 

dN M ~ ypA^^^r/^ ~ lo A.pA.^^r^^ ^ l()p\,HQ-^Kri^ {cm ■ e), (32) 

for nuclei with A > 20 the density p = 10^^, i.e. dj^ lO^^^r]^ {cm ■ e) 
The addition d^ ^ can be expressed by means of dn ^ of nucleon: 

dN ti = ^P^'c^dn f, ~ I0~^dn f,, (33) 

The same conclusion can be done from the following reasoning. The magnetic moment 
of a nucleus pn creates inside the nucleus a magnetic field Bind ~ where ^ is the 

nucleus density per one nucleon. The field Bind induces an electric dipole moment of nucleon 

dind = PjlBind, (34) 

Total induced EDM is Dind = ^c^md = ^Pf^Jff^ = dN fj. 

It should be mentioned that the spin structure of the nuclear interaction between nuclons 
is similar to the magnetic interaction. Due to this reason the spin of the nucleus acts on the 
other nucleons by dint of the average nuclear field, depending on the spin orientation (let us 
call this field a pseudo-magnetic nuclear field, similar to the field appearing in a polarized 
nuclear target). The action of this field (similar to the action of an ordinary magnetic 
field) induces the electric dipole moment of nucleons in the nucleus. This contribution is 
appreciably (two orders) greater than d/vr ^ due to big value of the pseudo-magnetic nuclear 
field, but it is quite difficult to evaluate this contribution. 

Let us consider deuteron EDM. Deuteron EDM was calculated in [14]. According to 
deuteron EDM arouses due to mixing of stationary states of a system "neutron+proton" 
(interacting one with each other by strong interaction) by the T-odd, P-odd interactions. 

According to the above analysis there are some additions to the deuteron EDM caused by 
the electromagnetic interactions between proton and neutron and nucleon polarizabilities. 

Considering only strong interactions we can find a wavefunction of P-state of a system 
of two nucleons using an approximation of zero radius of nuclear forces, because strong 
interactions are short-range But electromagnetic interactions makes the interaction 

between n and p far-ranging. Thus, taking electromagnetic interaction into account we 
must consider for P-state a correcton to the wavefunction, caused by this interaction. 
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A matrix element of the transition current for the n-p system can be expressed in con- 
ventional form: 

7NFi^) = ? hr^r-^N - n'^r^F) " —^Ni^)^{r)-^F + (35) 

2m \ / mc 



c rot 



the term proportional to ( + "^p) describes transitions between triplet states, while the 
term including ( — o^p) corresponds to the transitions between triplet and singlet states. 
Let us place deuteron into an external electric field. The Hamiltonian of the n-p system is 
expressed as: 

H = Ho + Ve + Vw, (36) 

where Hq is the Hamiltonian of the np system considering both the strong and electromag- 
netic interactions between nucleons, Ve = is the operator of the electric 
dipole moment of the n-p system. According to [? ] the energy of T-odd interaction 

v.. = -^7vt:^+l^(^.-^,)V'—, (37) 

Anrrip r Sirnip r 

J = (o^n + "^p) 

Calculating the current ~j' we should take the wavefuncton '^f{n) considering contribu- 
tions of the second order over Ve + Vw interacton. 

Considering only strong and weak interactions for the deuteron EDM jl^ one should take 
into account the first term proportional to n + ~^ v)- Consideration of electromagnetic 
interactions leads to the conclusion that the term proportional to ("o^„ — "o^p) also contributes 
to the deuteron EDM. 

So, due to electromagnetic interaction the deuteron EDM is determined by both the 
constants gg\ and gg^. Considering estimation (31-33) we obtain for deuteron (i^/) ~ 
10~^^?7_DT cm-e. 
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